Strong magnetic field pulses associated with a relativistic electron bunch can imprint switching patterns in magnetic thin films that have uniaxial in-plane anisotropy. In experiments with Fe and FeCo alloy films the pattern shape reveals an additional torque acting on magnetization during the short (in the 100fs time scale) magnetic field pulse. The magnitude of the torque is as high as 15% of the torque from the magnetic field. The torque symmetry is that of a uniaxial anisotropy along the direction of the eddy current screening the magnetic field. Spin-orbit interaction acting on the conduction electrons can produce such a torque with the required symmetry and magnitude. The same interaction causes the anomalous Hall current to be spin-polarized, exerting a back reaction on magnetization direction. Such a mechanism may be at work in all-optical laser switching of magnetic materials.
In a typical setup an electron bunch is accelerated and slammed into a sample. As the relativistic electron bunch passes through a uniformly magnetized magnetic thin film sample, its magnetic field will excite the film magnetization and imprint a magnetic pattern, as illustrated in Fig. 1 . This pattern can reveal details about the magnetization dynamics. Our samples are initially magnetized in-plane along an easy-axis given by the in-plane uniaxial crystalline anisotropy. The magnetic field makes the magnetization come out of the sample plane and after the field pulse is gone the magnetization will precess around the demagnetization field, eventually getting damped out and settling into an easy axis direction, as shown Table I ) seems to favor an intrinsic volume effect, not an interface phenomenon.
The magnetization dynamics can be modeled by Landau-Lifshitz-Gilbert equation 1 with the addition of a spin torque due to the non-equilibrium spin density of conduction electrons ∆ m. This spin density exerts a torque [7] on the bulk magnetization M (with spin S and saturation M s ) through the s-d exchange interaction with Hamiltonian
where J sd is the exchange energy, s is the spin of the conduction electron. This torque has also other acronyms such as NEXI (non equilibrium exchange interaction) torque [8] . 
The effective damping can be estimated from the precessions around the demagnetization field for each ring boundary. As magnetization precesses around the demagnetization field variable damping was employed [9] in the interpretation.
In metallic samples there is a strong radial eddy current due to screening of the magnetic field of the electron bunch. The skin depth for 100fs bunch duration is on the order of 100nm and assuming a typical field of 10T gets screened over this distance the eddy current density (H/skin depth) is on the order of 10 10 A/cm 2 , a pretty large current. Assuming the additional torque to be 0.15 of the external field torque as fitted in Fig. 2 , the additional torque to current ratio is about 1.5mT /10 7 A/cm 2 in the range of torque values measured experimentally [10] for currents passing through heavy metal/ferromagnetic heterostructures.
The fitting gives at least values comparable to literature.
The optical constants [11, 12] for iron at 10 THz (the 100fs time scale) show a dielectric constant = 5000, making the electric field inside very small E metal = E vacuum / . The outside electric field is screened at the surface [13] of the metal, while only the magnetic field penetrates inside with a sizable strength. The small electric field in the metal is driving the eddy currents that screen the magnetic field (via Faraday induction law). This is 3-4 orders of magnitude smaller than the electric field associated with the electron bunch in vacuum. There is simply not a sizable electric field inside the metal to induce bulk magnetic anisotropy by distorting the electronic orbitals as assumed elsewhere [9] . The metallic capping and capping layer also prevent any electric field induced surface anisotropy.
The spin-orbit coupling of conduction electrons in ferromagnetic materials generate effects like anisotropic magneto-resistance (AMR) and anomalous Hall effect (AHE) [14, 15] . These effects relate electrical measurements to orientation of the magnetization. Less explored is what happens to the magnetization when the current is high. Is there a back reaction, a torque, acting on magnetization? The spin-orbit coupling involved in AMR and AHE make electrons scatter [14] to one side or another depending on their spin, generating a separation of spins and leading to a spin current and spin accumulation. On general arguments the additional polarization generated in conduction electrons by a spin-orbit interaction can be only perpendicular to the direction of the motion, that is, the current direction as seen in Fig. 4 . A spin parallel to the velocity direction does not feel the spin-orbit interaction.
The spin-orbit interaction for a conduction electron has the Hamiltonian of the form At 0 and 90 degrees the torque is zero while it is maximum at 45 degrees, a fact that is reflected in the shape of the pattern in figure 2 where lobes are distorted towards 45 degrees.
At 0 degree the conduction electron spin is parallel to the current, so few electrons suffer spin-orbit deflection, while at 90 degrees many spins electron experience spin-orbit deflection but the s-d exchange torque is zero because of parallel orientation of spin accumulation and magnetization.
Regardless of the details of spin-orbit interaction, a spin up will be deflected to one side and a spin down will be deflected to the other side as they are moving with the charge current.
The origin of the spin-orbit coupling may be the same as in AHE in ferromagnetic materials:
intrinsic deflection related to the Berry phase curvature and inter-band coherence, side jump and skew scattering on impurities [14] . As soon as spins separate a spin accumulation appears. The separation of spins will create a spin current with direction and polarization perpendicular to the charge current. In places where this polarization is not parallel with the magnetization there will be spin scattering flipping some spin-up into spin-down. This scattering is very efficient in ferromagnets on the order of fs time scale and converts a spin current into a spin accumulation that will exert a torque on the magnetization. The anomalous Hall current is in fact a spin-polarized current (see Fig. 3 of reference [14] ).
Here we estimate the size of back reaction on the magnetization. The field pulse and material parameters determine the magnitude of the torque. We start with the screening current density j that has an exponential decay with distance from the surface of the metal as the magnetic field diffuses into the metal [16] . Assuming most of the magnetic field is screened by the eddy current in the skin depth, the average current density is roughly j ∝
where H is the amplitude of the external field pulse and λ is its skin depth in the material.
As electrons get deflected perpendicular to j due to spin-orbit interaction, the anomalous Hall current is j ⊥ = σ ⊥ σ j, where σ is the regular (longitudinal) conductivity associated with screening current direction, while σ ⊥ is the anomalous Hall conductivity associated with the perpendicular deviation from that direction [14] . This perpendicular current is totally spin polarized and the spin current density is j s ∝ j ⊥ eP , where P is the polarization of the conduction electrons. All deflected electrons contribute to the spin current but only the spin asymmetry fraction contributes to the charge current, because spin up is deflected to one side and spin down to other side and both have the same negative charge. Since a current density is a density times a velocity, the spin and magnetic moment accumulation (volume density) generated through spin-flip scattering is roughly ∆m ∝ 
which for some representative values for iron [14, 17, 18 ] g = 2.09,
gives a value of 0.15. Lower saturation magnetization, short field pulses and small skin depth make this torque stronger.
In the case a radiation pulse from an optical laser the skin depth is small but its magnetic field will oscillate in sign and/or direction, in contrast with a unipolar field from an electron bunch. When the magnetic field changes sign over a period the net effect of the magnetic field torque is zero. The accumulation of conduction electrons ∆ m from spin-orbit coupling scattering does not change sign with reversing the current direction, and so the torque acting on magnetization will also not change sign (∝ M × ∆ m). The spin orbit coupling imprints a curvature on the trajectory of the conduction electron that depends only on its spin and not on the direction of motion along the trajectory. It is this bending that manifests itself in the appearance of an additional torque.
When we consider only the magnetic field torque a second pulse will deterministically reverse the magnetization and erase the pattern created by the first pulse. The spins have the same orientation as the external magnetic field, and their exchange torque have a similar symmetry. It is unlikely for spin polarized conduction electrons from the ferromagnetic layer to flow into the adjacent heavy metal layer, feel the spin-orbit coupling and come back into ferromagnetic layer to exert a torque on it ∝ sin 2ϕ. In any case this will be a surface effect and not a volume effect as required by similar results on thicker samples.
The torque is proportional to current across the whole pattern so nonlinear effects are not at play. The energy associated with this torque (integral over angle) is proportional to sin 2 ϕ, the same as for a uniaxial anisotropy, as alluded in [19] . In essence the direction of current provides an easy axis for magnetization and for large enough currents this anisotropy can be greater than crystalline anisotropy. Such an effect may be useful in controlling magnetization switching even in homogenous materials and structures. To summarize, a magnetic field pulse exerts an additional torque on magnetization in metallic ferromagnetic samples, a consequence of the spin-orbit coupling of the polarized conduction electrons in the eddy current screening the field. A spin-orbit coupling separates spins perpendicular to the motion direction (electric current) and this separation creates a non-equilibrium polarization of conduction electrons that acts back on the total magnetization. This effect does not depend on the sign of the current and is equivalent to an uniaxial anisotropy along the current direction.
